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s ingle-axis  compensatory t racking tasks,  and two- 
ax i s  tasks both with and without cockpit move- 
ment. The t r a n s f e r  funct ions were then used t o  
ana ly t i ca l ly  obtain closed-loop cha rac t e r i s t i c s .  

Abstract I f ?  

A method f o r  determining t h e  t r ans fe r  h n c -  
t i o n  of a human p i l o t  a s  he operates on a closed- 
loop control  system has been devised and used i n  
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Introduction 

I n  recent years many inves t iga t ions  have been 
d i rec ted  toward obtaining quant i ta t ive  measures Of 

how a p i l o t  operates i n  a closed-loop tracking task .  
The methods used have suf fered  from t h e  undesir- 
ab le  f ea tu re  of requi r ing  severa l  lengthy and com- 
p l i ca t ed  computational s teps  t o  a r r ive  a t  an answer 
i n  the  desired form of a t r a n s f e r  function. A 
t r a n s f e r  function answer i s  des i rab le  because it 
describes severa l  r e l a t ed  parameters i n  a concise 
and f ami l i a r  form, and it can be used i n  fu r the r  
ana ly t i ca l  s tud ies  of complete systems. Therefore, 
a method f o r  automatically determining the  t r ans fe r  
function of a human as  he operates i n  a closed-loop 
control s i t ua t ion  has been devised and used. The 
method gives continuous and instantaneous records 
of t he  gains i n  an analog model of t he  p i l o t .  

Methods 

The form of t h e  analog model i s  preselected and 
does not vary during a given experiment. The model 
i s  mechanized by the  use of an analog computer, and 
the  computation needed t o  ad jus t  t h e  gains i n  the  
model automatically a r e  also performed by the  com- 
puter.  A block diagram of t h e  t e s t s  i s  shown i n  
f igu re  1. The cont ro l  loop f o r  t h e  i n i t i a l  t e s t s  
consisted of an oscil loscope display, a lightweight 
spring-restrained center-located control s t ick,  
simulated dynamics, and a random disturbance s igna l  
which was s m e d  with the  output of t he  dynamics. 
The r e su l t i ng  e r r u r  w a s  displayed t o  c rea te  a com- 
pensatory t racking  t a sk .  The input s igna l  t o  the  
p i l o t  was a l so  introduced i n t o  t h e  analog p i l o t  and 
t h e  output of t h e  p i l o t  and analog p i l o t  are  com- 
pared. The ana ly t i ca l  form of t h e  analog p i l o t ,  as 
given i n  f igu re  1, contains th ree  var iab le  gains; a 
s t a t i c  ga in  K1, a l ead  ga in  K2, and two equal 
lags  r- The assumption of t h i s  form of t r ans fe r  
function implies t h a t  t he  p i l o t  uses the  sum of the  
displayed error ,  with a ga in  of K1,  and t h e  r a t e  of 
change of error ,  with a ga in  of K2, t o  command h i s  
con t ro l l e r  output. This command s igna l  i s  expressed 
by t h e  numerator of t h e  t r a n s f e r  function. It i s  
fu r the r  assumed t h a t  t h i s  command s igna l  i s  applied 
with some lag,  which i s  expressed by t h e  denominator 
of t h e  t r ans fe r  function. Inc lus ion  of a second- 
order l ag  i s  necessary t o  account f o r  t he  i n e r t i a  of 
t he  cont ro l le r .  For t h e  present inves t iga t ion  t h i s  
second-order l a g  w a s  i n i t i a l l y  assumed t o  be 
expressed as two equal f i r s t - o r d e r  lag terms. 
use of o ther  arrangements of t he  expression f o r  lag  
w i l l  be discussed l a t e r .  The gains K1, Kp, and T 

a r e  adjusted by s e t t i n g  t h e  r a t e  of change of t he  
p a r t i c u l a r  ga in  under consideration equal t o  t h e  
product of t he  d i f fe rence  between the  p i l o t  and 
analog p i l o t  and a weighting func t ion  obtained from 
the  block labe led  f i l t e r .  
i s  provided f o r  each ga in  t o  be varied, and a l l  a re  
adjusted simultaneously. 

The 

Such an adjustment loop 

The type of parameter tracking j u s t  described 
is similar t o  o ther  methods which have been pro- 
posed,lJ2 and a comparison of t h i s  method with two 
o ther  methods i s  given i n  f igure  2 .  The common 
fea ture  of t h e  th ree  methods i s  t h a t  t he  r a t e  of 
change of t h e  ad jus tab le  gains i s  made proportional 
t o  the  product of an e r ro r  and a p a r t i a l  der iva t ive  
o f  t he  e r r o r  with respect t o  the  gain being con- 
sidered. I n  general, t he  model can be expressed a s  
a polynomial, which f o r  t h e  present explanation w i l l  
be expressed as a numerator and denominator. The 
equation e r r o r  method uses an e r r o r  obtained as 
shown (output mul t ip l ied  by the  denominator minus 
input multiplied by t h e  numerator) times the  p a r t i a l  
which w i l l  i n  general  be a function of t he  input 
multiplied by a function of t he  model form and the  
output mul t ip l ied  by a function of t he  model form. 
I n  the output e r ro r  method, the  e r ro r  i s  obtained 
as the  d i f fe rence  between the  model and the  p i l o t ,  
and the p a r t i a l  i s  t h e  same as  f o r  t he  equation 
e r r o r  method. 
is the  same as t h a t  used i n  the  output e r r o r  method, 
but by manipulation of t he  various s igna ls  i n  t h e  
model, t he  input and output quant i t ies  i n  the  par- 
tial are replaced by the  s igna l  t o  the  gain being 
considered. For t h e  model being used i n  the  present 
investigation, t h i s  manipulation r e s u l t s  i n  simpler 
p a r t i a l  expressions. 

I n  t h e  present method t h e  e r r o r  used 

Single-Axis Tests 

The method described above has been used t o  
measure t h e  bes t  f i t t i n g  l i n e a r  t r a n s f e r  function 
fo r  several  NASA t e s t  p i l o t s .  
involved single-degree-of-freedom fixed-base simula- 
t i o n  of dynamics t h a t  varied from an easy-to-handle 
rate mechanism, 2/s, t o  more d i f f i c u l t  acce le ra t ion  
mechanism, 10/s2. The purpose of t h e  inves t iga t ion  
w a s  t o  determine t h e  var ia t ion  i n  the  control tech- 
nique used by the  p i l o t s  with t h e  various cont ro l led  
elements . 

The f i r s t  t e s t s  

Time h i s t o r i e s  of a typ ica l  t e s t  are  shown i n  
f igure  3. Shown a r e  the  disturbances used, t h e  d is -  
played error ,  t he  p i l o t ' s  output, t h e  analog p i l o t ' s  
output, and the  d i f fe rence  between the  p i l o t  and 
analog p i l o t .  
accurately reproduces the  overa l l  cha rac t e r i s t i c s  of 
t he  pi lot ,  n a i r i y  l a c k i r e  the  high-frequency com- 
ponents of t he  p i l o t ' s  output. The adjustment of 
t h e  gains i n  t h e  analog p i l o t  i s  shown i n  f igu re  4. 
The required i n i t i a l  adjustment i s  completed i n  
approximately 5 seconds i n  t h i s  case, and tine varia- 
t i ons  i n  t h e  gains t h a t  occur a f t e r  t h i s  i n i t i a l  
adjustment a r e  qui te  s m a l l .  The amplitude of these  
s m a l l  va r ia t ions  increased as t h e  d i f f i c u l t y  of t h e  
dynamics increased, t h a t  is, t he  measured gains were 
most steady with dynamics of 2/s, and l e a s t  so f o r  
1 0 1 ~ 2 .  The d i f fe rence  between the  p i l o t  and analog 
p i l o t  a l so  increased with increase i n  t h e  d i f f i c u l t y  
of the dynamics. 

It can be seen t h a t  the  analog p i l o t  
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A listing of r e s u l t s  obtained with t h e  various 
dynamics t e s t e d  f o r  one of t h e  subjects  i s  shown 
i n  figure 5 .  The dynamics a re  l i s t e d  i n  a very 
log ica l  order.  The f i r s t ,  2 /s ,  i s  a pure r a t e  
dynamics and simulates a mechanism i n  which t h e  
r a t e  of change of a t t i t u d e  i s  always exact ly  pro- 
port ional  t o  s t i c k  def lect ion.  
t o  achieve t h i s  type of response i n  a vehicle  which 

has i n e r t i a .  The next two listings, 

and ~ lo are  a l s o  cal led r a t e  systems, but 

now there  i s  a lag present  i n  t h e  development of 
t h e  rate  output.  These dynamics a re  representat ive 
of the r o l l  mode of motion of an airplane,  or of a 
spacecraft  with l i n e a r  damping augmentation. The 
fourth,  10/s2, contains an i n f i n i t e  amount of l ag  
in the build.Jp of r a t c  and i s  therefore  d i s t i n -  
guished with t h e  name of accelerat ion dynamics t o  
indicate  t h a t  t h e  accelerat ion of t h e  vehicle  i s  
proportional t o  s t i c k  def lect ion.  The order of 
these four  dynamics corresponds t o  t h e  amount of 
l a g ,  or t h e  amount of damping, present i n  t h e  
dynamics. The last dynamics l i s t e d ,  

It i s  not possible 

10 
S ( S  + 2.5) 

s ( s  + 1)' 

, i s  representat ive of a i rplane 10 
s(s2 + 3s + 10) 
p i t ch  mode of motion, and although it i s  t h e  high- 
e s t  order system l i s t e d ,  it i s  e a s i e r  t o  handle 
than  some of t h e  others .  

The measured p i l o t  t r a n s f e r  funct ion coeff i -  
c i en t s  obtained with the  various dynamics a r e  
l i s t e d  i n  f igu re  5 .  A very noticeable f ea tu re  of 
t h e  r e su l t s  is the  way i n  which t h e  measured l a g  
coeff ic ient ,  r, increases with increase i n  t h e  lag 
of the dynamics. These measurements l ead  t o  t h e  
log ica l  conclusion t h a t  t h e  lag of t h e  p i l o t  
decreases with an increase i n  t h e  lag  of t h e  vehi- 
c l e  which he i s  control l ing.  

The determination of t h e  p i l o t ' s  t r a n s f e r  
function coeff ic ients  s t i l l  does not allow a quan- 
t i t a t i v e  judgment t o  be made. However, once these 
measurements have been made, it i s  possible  t o  use 
them in t h e  calculat ion of t h e  closed-loop char- 
a c t e r i s t i c s  o f  t he  complete system of p i l o t  plus  
dynamics. Such calculated cha rac t e r i s t i c s  a r e  a l so  
l i s t e d  i n  f igu re  5 .  
can be used t o  make a quan t i t a t ive  judgment of 
these systems. Servomechanism theory ind ica t e s  
t h a t  the frequency of a system should be a s  high a s  
possible, t he  damping r a t i o  should idea l ly  be 0.7, 
and any r e a l  roots  should be negative and a s  high 
a s  possible.  Using t h e  damping r a t i o  c r i t e r ion ,  
t h e  data show t h a t  a nearly i d e a l  system i s  
obtained with t h e  r a t e  dynamics, 2/s, and t h e  r e s t  
of the  da t a  give a quan t i t a t ive  measure of how 
l a r g e  a deviat ion from idea l  i s  obtained with t h e  
other  dynamics. It can be seen t h a t  t h e  damping 
r a t i o  of t he  complete system decreases as t h e  lag 
of the dynamics increases.  This same t rend was 
found with all of t h e  subjects  t e s t e d .  

Now servomechanism experience 

The performance factor ,  root-mean-squarc. e r ro r ,  
w i i s  also measured in these t e s t s ,  imd these r e s u l t s  
irc prcsentcd i n  f igu rc  3.  The values obtained 
ct>rilinu the  f a c t  t h a t  the accelerat ion dynamics 
w t ' r e  the most d i f f i c u l t  t o  control .  The t rend i n  
t h e  root-mc:lrl-::quare c r ro r  values with dyniunics is 
what would be e q e c t e d  on the bas i s  of t h e  c d c u -  
l a t e d  system cha rac t e r i s t i c s  and, therefore ,  also 
coril'ims the  c d c u l a t c d  data.  

Tests and measurements such a s  made i n  t h i s  
pa r t  of t h e  invest igat ion can give quan t i t a t ive  
indicat ions of what changes i n  system character-  
i s t i c s  w i l l  occur when any element i n  t h e  control  
loop i s  changed. For example, a br ief  study w a s  
made of t he  e f f ec t  t h a t  changing display s e n s i t i v i t y  
w i l l  have. These t e s t s  were done with - 
dynamics, and with constant s t i c k  s e n s i t i v i t y .  
r e su l t s ,  presented i n  f igu re  6, show t h a t  as the  
display s e n s i t i v i t y  i s  changed so tha t  t h e  ind ica to r  
moves l e s s  and l e s s ,  t h e  frequency of t h e  Oscil la- 
t o ry  cha rac t e r i s t i c  decreases and the  damping r a t i o  
increases.  
case t o  determine t h e  change i n  system character is-  
t i c s  t h a t  r e s u l t s  from a change i n  some element of 
t h e  control  system. 

10 
s ( s  + 1) 

The 

The method can be used i n  any p a r t i c u l a r  

'l'wo-Axes 'Test 5 

Tests have a l so  been made of a two-axis task,  
both with and without motion. The two axes were t h e  
p i t ch  and roll axes, t h e  display w a s  an 8 -ba l l  
instrument, and control  w a s  exercised with a two- 
axis side-arm con t ro l l e r .  The simulated dynamics 

were K. These t e s t s  were made i n  d gimbal- 

mounted cockpit, and were conducted with the  gimbals 
f ixed and only t h e  instrument moving, and with both 
t h e  instrument and cockpit gimbals moving i n  a man- 
ner  described by t h e  e r r o r  t ime h i s to ry .  The p i t ch  
and roll axes were analyzed separately.  Roll-axis 
r e s u l t s  without motion a re  presented i n  f igu re  7. 
The main f ea tu re  of these r e su l t s ,  a s  compared with 
t h e  single-axis t e s t s ,  i s  t h e  va r i a t ion  with time i n  
t h e  measured gains .  It can be seen that. t he  l ead  
gain, Kz, var i e s  from 0 t o  10, and t h a t  there  a r e  
b r i e f  periods when K1 i s  reduced t o  approximately 
50 percent of its steady value. The addi t ion of 
motion t o  t h e  t e s t s  g rea t ly  reduced t h e  unsteadiness 
i n  t h e  measured gains  a s  i s  shown i n  f igu re  8. 
These r e s u l t s  i nd ica t e  t h a t  t h e  addi t ion of motion 
cues i s  a help t o  t h e  p i l o t  i n  maintaining t h e  qual- 
i t y  of h i s  control .  

s ( s  + 1) 

Comparison of P i l o t  and Nodel 

P i l o t  Performance 

The v a l i d i t y  of t h e  matching technique can be 
evaluated by noting t h e  s i m i l a r i t y  between t h e  out- 
put of analog p i l o t  and the  p i l o t .  
t e s t s  performed so f a r  t h e  analog p i l o t  has repro- 
duced t h e  obvious f ea tu res  of t h e  control  of all t h e  
various subjects  i n  all of t h e  various control  loops 
t e s t ed .  That is, t h e  analog p i l o t  displays wave 
shapes and amplitudes similar t o  t h e  p i l o t .  A s  a 
f u r t h e r  check, t h e  measured analog p i l o t  has been 
in se r t ed  i n t o  t h e  control  loop i n  place of t h e  p i l o t ,  
and a comparison has  been made between the  control  
e r r o r  obtained with t h e  p i l o t  and with t h e  analog 
p i l o t .  Figure 9 shows time h i s t o r i e s  obtained i n  
t h i s  manner i n  which t h e  single-degree-of-freedom 
t e s t s  with t h e  2/s control led dynamics were used. 
The f i g u r e  presents  t h e  disturbance, t h e  e r ro r ,  and 
t h e  s t i c k  output t h a t  occurred with the p i l o t  i n  t he  
loop, and t h e  e r r o r  and control  output with t h e  
arialog p i l o t  i n  t h e  loop. 
r e s u l t s  obtained with t h e  p i l o t  and analog p i l o t  a r e  
remarkably s i m i l a r .  However, when the  some calcula- 
t i o n s  a r e  made using t h e  10 dynamics, it can 

I n  a l l  of t h e  

It can be seen t h a t  t h e  

s (s  + 1) 



be seen ( f i g .  10) t h a t  t h e  use of t h e  analog p i l o t  
r e s u l t s  i n  b e t t e r  control  than obtained with t h e  

- n n ~ ~ - -  -, +h- .I._- . . O ~ n n n ~ ~  * ~ - ~ - . ~ ~ -  with the p i l e t  and a n a l o g  
p i l o t  a r e  very similar,  but during periods when t h e  
disturbance i s  very mild, l a r g e r  e r ro r s  occur with 
t h e  p i l o t  control l ing than with t h e  analog p i l o t .  
The root-mean-square e r r o r  with t h e  p i l o t  con- 
t r o l l i n g  w a s  1.6 vol ts ,  and with t h e  analog p i l o t  
t h e  root-mean-square e r r o r  i s  0.86 vo l t .  
r e s u l t s  i nd ica t e  t h a t  those control  motions made 
by t h e  p i l o t  t h a t  do not co r re l a t e  with t h e  l i n e a r  
model output a r e  not useful .  The reasons and 
implications of t h i s  r e s u l t  should be given f u r t h e r  
study. 

~---" .  -: 1 n+ Ir: ir.stzr.ces vher? I s h z p  d i q t ~ ~ r h a n r ~  

These 

Effect of Change i n  Model Form 

It w a s  s t a t e d  a t  t h e  beginning t h a t  t h e  form 
of t h e  model was not changed i n  these  t e s t s ,  only 
t h e  gains contained i n  t h e  model were var ied t o  
achieve t h e  desired fit of t h e  model t o  t h e  p i l o t .  
For t h e  purpose of determining whether changing t h e  
form of t h e  analog p i l o t  would r e s u l t  i n  a b e t t e r  
f i t ,  several  var ia t ions i n  t h e  form were t r i e d .  
The two l i n e a r  terms i n  t h e  denominator, which were 
made t o  be iden t i ca l  i n  t h e  o r i g i n a l  form, were 
allowed t o  adjust  independently i n  one case, whereas 
a second form i n  which t h e  denominator was arranged 
as a quadrat ic  instead of two l i n e a r  terms was t r i e d  
i n  another case. Each of t h e  th ree  forms w a s  a l so  
t r i e d  with a f ixed  time delay included. 
d i f f e ren t  values of t h e  f ixed  delay were t r i e d .  
Example time h i s t o r i e s  of analog p i l o t  output 
obtained with t h e  d i f f e ren t  forms using t h e  same 

Several  

I 
I 

s ( s  + 1) 
shown i n  f igu re  11. 
p l o t s  t h a t  include time delay i s  0.15 second. 
Longer delays than  t h i s  caused a noticeable de t e r i -  
o ra t ion  i n  t h e  fit of t h e  model t ime h i s to ry  t o  t h e  
p i l o t .  Although t h e  r e s u l t s  a r e  s l i g h t l y  different  
with each form, t h e r e  i s  no c l e a r  advantage of one 
form over another. A summary of t h e  numerical 
values of t h e  gains  obtained with t h e  different  

forms with the  lo dynamics i s  presented 

The t ime delay used i n  two 

s ( s  + 1) 

i n  figure 12. 
obtained with t h e  l i n e a r  forms ( those without time 
delays) a r e  a l so  presented. It can be seen t h a t  
nlt,hoiieh t h e  mensure8 gains var ied with the  d i f -  
ferent  forms, t h e  closed-loop cha rac t e r i s t i c s  were 
very nearly t h e  same i n  each case. The same general  
remarks a s  given here  f o r  t h e  10 dynamics 

a p p l i e d t o  a l l  t h e  dynamics t e s t ed .  The addition of 
the time delay caused an increase i n  the  l ag  coeffi-  
c i en t .  Although an improvement i n  t h e  f i t  w a s  not 
obtained with e i t h e r  of t h e  a l t e rna te  forms t r i e d ,  
t h e  addi t ional  t e s t s  d i d  provide an independent 
check on t h e  closed-loop cha rac t e r i s t i c s  obtained 
with the o r i g i n a l  measurements. 

The closed-loop cha rac t e r i s t i c  

s ( s  + 1) 

Tests such a s  those described herein w i l l  be 
continued t o  obtain information on two- and three- 
axes tasks.  Also, f u r t h e r  t e s t s  which w i l l  include 
l i n e a r  saturated and on-off control  forces  w i l l  be 
made. 
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